A number of researchers have reported experimental bending'-4 and torsional5 moment curves for endodontic files and reamers. We recently reported a study in which bending and torsional moments versus angular deflection were determined by an improved method in which highly sensitive torquemeters were used.6
Timoshenko7 and Papov8 present formulas for bending and torsion of beams, based on Hooke's Law, in which the stress is proportional to strain. These formulas apply to the elastic behavior of beams and cannot be applied in the plastic range. Nadai9 describes the ideal behavior of a completely plastic material. It is not possible to describe plastic behavior accurately in general since few materials approach ideal behavior. With flexural and torsional formulas as a guide, however, approximations of plastic behavior can be described for many materials.
It is the purpose of this paper to describe the simple flexural and torsional formulas found in textbooks on strength of materials and to compare calculated bending and torsional moments obtained using these equations with experimental values. Reasonable agreement of calculated and experimental values would indicate an opportunity for design of endodontic instruments with specified bending and torsional properties.
FLEXURE FORMULA.-The flexure formula8 describes the bending of a straight beam with constant cross section and an axis of symmetry in which the bending moments lie in a plane containing the axis of symmetry and the axis of the beam (Fig.  1) . When the beam is bent, one side is in tension and the other side is in compression. However, a plane section through the beam, taken normal to the axis, AB or CD, remains plane after the beam is bent, A'B' or C'D'. This condition applies in both elastic and plastic behavior. In each plane, there exists a point a or fl, which is not stressed, and the collection of all such points forms the neutral surface of the beam. This surface lies between the area of tensile and compressive stresses. In the elastic region, the neutral surface passes through the centroid of the cross-sectional area of the beam. In the plastic region, the location of the neutral surface depends on the comparative tensile and compressive properties of the material. If the tensile and compressive properties are identical, the neutral surface will remain through the centroid.
In a beam subjected to bending, strains in the fibers vary linearly as their distances from the neutral surface. The axial strains are associated with stresses that act normal to the section of a beam (elastic or plastic (7) where p is the distance from the axis to the point, C is the distance from the axis to the most remote point and T is the shearing The diagrams in Figure 3 is only possible if the moment-deflection curves up to and just beyond the yield point are determined. The formulas for the "rupture moduli" are derived from theoretical considerations, and therefore give a better indication of how ideal the behavior of the files and reamers are in bending and torsion. The cross section of the instruments was considered to be uniform and to have the value observed 3 mm. from the tip. The values for d at 3 mm. are listed in Table 2 ; the calculated section moduli for the various instruments are based on these values and the cross-sectional shape of the instrument. Also listed in Table 2 respectively, which are much higher than the tensile strength of 330,000 psi. Even a correction for the "rupture modulus" being 50 percent higher than the observed tensile strength gives values of 596,000 and 480,000 psi, which still are high compared with those for the tensile strength.
The means for Tr.m. for the files and reamers were 390,000 and 252,00 psi, respectively. These means, particularly the means for the reamers, agree quite well with the shear strength of 240,000 psi for carbon steel music wire.
The comparison of the "rupture moduli" with the tensile or shear strength illustrates that endodontic files and reamers function more ideally in torsion than in bending and that reamers function more ideally in bending than files. The most probable causes for the lack of agreement of the "rupture moduli" in bending and the tensile strength is the use of the section modulus calculated from the geometry of the instruments 3 mm. from the tip and the assumption that this section modulus was constant over the length of the beam. This assumption was more serious in files than in reamers, since the former were more twisted in design.
The agreement between the "rupture modulus" in torsion was again better in reamers than files because the files, which were more tightly twisted, had greater mass. The assumption that the polar section modulus was constant between 3 mm. from the tip and the shank led to a poorer approximation for files than reamers. It is important to note that the endodontic reamer and file, when bound in a root canal, had torsional properties comparable to a blank having a uniform section modulus from the point of bending to the shank. Since bending takes place over a span and torsion takes place in a section, the effect of varying section moduli along the length of the instruments had less effect on the "rupture modulus" in torsion than in bending. There is also some indication that reamers with triangular cross sections function more ideally in bending than those with square cross sections. Summary
It was shown that for carbon steel files and reamers the ultimate bending and torsional moments could be estimated from experimental values of the yield pointbending and torsional moments, with excellent agreement for the small and good agreement for the large instruments.
The "rupture moduli" in bending and torsion were calculated from the yield point-bending moments and the section moduli at the position on the instrument where it was gripped. The "rupture moduli" of the instruments in bending did not compare well with the tensile strength, but the "rupture moduli" in torsion compared favorably with the shear strength. The lack of agreement resulted from the tapered sections and the degree of twisting of the instruments. The data indicate that endodontic instruments have almost ideal behavior in torsion but less than ideal behavior in bending.
